To describe the distribution and determinants of intraocular pressure (IOP) and indices of corneal biomechanics in an adult British population. METHODS. Goldmann-equivalent IOP (IOPg), corneal mechanical characteristics (corneal hysteresis, CH; corneal resistance factor, CRF), and IOP adjusted for corneal factors (IOPcc) were measured. Ocular biometric characteristics were also measured in 4184 consecutive individuals aged 48 to 91 years recruited from the European Prospective Investigation into Cancer (EPIC)-Norfolk cohort. Sociodemographic data were recorded with a standardized questionnaire. Blood pressure and anthropometric data were recorded by trained staff according to a standard protocol. RESULTS. Mean IOP was similar to that reported in previous United Kingdom population studies (IOPg: 16.0 mm Hg, SD 3.68). These data confirmed systolic blood pressure as the major identifiable correlate of IOP. There was a significant positive association between IOP and axial length of the eye. The IOPg, but not IOPcc, was higher in the women than in the men. No difference in IOP between the different age groups was identified. CRF and CH varied with IOPg, age, sex, and axial length of the eye. CONCLUSIONS. The study provided current population-based values for IOP and corneal biomechanical parameters. Mean IOP in this British population was very similar to levels previously reported over 40 years ago. There was no identifiable relationship between IOP and age within this cohort with an older age range, in contrast to previous studies. Systolic blood pressure was identified as the major correlate of IOP. (Invest Ophthalmol Vis Sci. 2011;52:8179 -8185)
I ntraocular pressure (IOP) is the cardinal known modifiable risk factor for glaucoma. [1] [2] [3] Glaucoma is the second commonest cause of blindness globally. 4 The prevalence of glaucomatous optic neuropathy increases exponentially with increases in IOP. 5 In 1966 Hollows and Graham 6 published data on IOP distribution in 4042 people aged 40 years and older living in the Rhondda Valley in South Wales. IOP was conspicuously higher in women and older people. Perkins 7 subsequently described IOP in 1466 people aged 40 years and older living in Bedford, central-southern England in 1973. IOP in a large U.K. population has not been studied since the 1970s.
It has long been recognized that clinical methods of assessing IOP are subject to various sources of error 8 and may suffer inaccuracies as great as 30% of the population mean IOP. 9 In particular, biomechanical properties of the cornea have attracted the attention of researchers as an important source of measurement error. 10 The central cornea is thicker in people with ocular hypertension, compared with those with glaucoma, or those without glaucoma who have normal IOP. 11 Ehlers et al. 9 reported a linear relationship between clinical measures of IOP and central corneal thickness (CCT). However, CCT is a relatively crude surrogate for the complex biomechanical properties of ocular connective tissues that influence the clinical estimates of IOP. 10, 12 Since 2005, a new noncontact tonometer, the Ocular Response Analyzer (ORA; Reichert, Inc., Depew, NY), has been promoted as a means of measuring the biomechanical properties of the cornea, in addition to determining IOP, while adjusting for the confounding effects of the physical properties of ocular connective tissues. IOP measurements made with the ORA have been found to have only a weak association with CCT. 13, 14 Aside from corneal factors, IOP has been reported to be associated with a variety of sociodemographic, anthropomorphic, and lifestyle factors, including age, sex, systemic blood pressure (BP), body mass index, diabetes history, family history of glaucoma, alcohol use, and smoking. These nonocular factors explain Ͻ10% of the variation in IOP. [15] [16] [17] IOP also varies with geographic location and racial background for the population under study. African people living in the Caribbean tend to have higher mean IOP than their neighbors of European origin (18.7 vs. 16.5 mm Hg). 18 Among continental Europeans, mean IOPs of 15.3 and 15.5 mm Hg have been reported in Greece and Northern Italy. 19, 20 In turn, East Asian people tend to have significantly lower IOP than other racial groups. The population with the lowest recorded adult IOPs is that of rural Mongolia, among whom the mean adult IOP has been reported to be as low as 12.6 mm Hg. 21 The Tajimi Eye Study Group in Japan recently reported a mean IOP of 14.5 mm Hg, 22 very similar to data reported for Chinese Singaporeans (14.7 mm Hg). 17 In this article, we report the distribution of IOP and present the first population-based measures of corneal biomechanics in an older British population resident in and around the city of Norwich in the East Anglia region of England.
METHODS
The European Prospective Investigation into Cancer (EPIC) was conceived as a pan-European study of the genetic and environmental determinants of cancer. 23 The EPIC-Norfolk cohort comprised approximately 25,000 men and women aged 40 to 79 recruited between 1993 and 1997 and was predominantly white, with a mixture of urban-rural residence, socioeconomic standards, and educational achievements reflecting the population of the county of Norfolk. From the outset, data collection was expanded to include extensive lifestyle and biological data to enable a broader longitudinal study of the determinants of health and disease. 24 A third health examination was initiated in 2006 with the purpose of assessing objectively various physical, cognitive, and ocular characteristics of participants now aged 48 to 91 years. The third health examination was reviewed and approved by the East Norfolk and Waverney NHS Research Governance Committee (2005EC07L) and the Norfolk Research Ethics Committee (05/Q0101/ 191). The work was performed in accordance with the principles of the Declaration of Helsinki. Sex and age at time of examination were recorded. Participants completed health and lifestyle questionnaires at baseline and at follow-up time points. Sociodemographic data were derived from the baseline questionnaire from 1993 through 1997. Social class was classified according to the Registrar General's occupation-based system, identifying five main categories: class I, professionals; class II, managerial and technical occupations; class III, nonmanual and manual skilled workers; class IV, partially skilled workers; and class V, unskilled manual workers. Those in social classes I, II, and III nonmanual were nonmanual workers, whereas those in social classes III-manual, IV, and V were manual workers. Educational attainment was based on highest qualification attained and was categorized into four groups: degree or equivalent, A-level or equivalent (i.e., education to 17 years), O-level or equivalent (i.e., education to 15 years), and less than O-level or no qualifications. Based on previous analyses of the association between health and educational attainment in this older cohort, we used a cutoff point of school completion to 15 years (O-level) to group individuals. 25 Height and weight were measured by trained nurses, for participants wearing light-weight clothing and no shoes, according to standard protocols. Height was measured to the nearest 0.1 cm with a stadiometer, whereas weight was measured to the nearest 0.1 kg with digital weighing scales (Tanita UK, Ltd., Yiewsley, UK). Systolic and diastolic blood pressures (sBP and dBP, respectively) were measured (Accutorr Plus; Datascope Patient Monitoring, Mindray UK, Ltd., Huntington, UK). Mean arterial pressure (MAP) and pulse amplitude (P-AMP) were derived accordingly; MAP ϭ dBP ϩ1/ 3(sBP ؊ dBP), P-AMP ϭ sBP Ϫ dBP.
IOP was measured three times in each eye using a noncontact ORA (Reichert) to generate IOPg. The ORA uses a short (20-ms) pulse of air to applanate and slightly indent the cornea, the events being recorded by an electro-optical system. The two specific stages recorded are (1) when the cornea is applanated while moving inward and (2) at applanation as the cornea is returning to its resting state. The average of inward (P1) and outward (P2) applanation forces is calibrated to be equivalent to IOPg. The cornea offers greater resistance to the air pulse at the beginning of the process of deformation, slightly delaying inward movement. In contrast, the applanation event during the relaxation phase occurs at a lower air pulse pressure. The difference in air pulse pressure between the two applanation events results is termed the corneal hysteresis (CH). The instrument manufacturers believe this to be a new measurement of corneal tissue properties that is a result of viscous damping in the corneal tissue. Corneal resistance factor (CRF) is promoted as an indicator of the overall resistance or rigidity of the cornea. The values of CH and CRF are used to calculate IOP, corrected for corneal biomechanics (IOPcc), using a proprietary formula. Mean values of IOPg, IOPcc, CH, and CRF were calculated for each eye, and values for right eyes were arbitrarily selected for presentation, since no difference in laterality was detected.
Differences between men and women were tested using Student's t-test. Associations between age and IOP, CH, and CRF were tested using linear regression analysis.
RESULTS
IOP and corneal biomechanical data were obtained from 4184 consecutive study participants aged 48 to 91 years (56.2% women). Table 1 summarizes key characteristics of the cohort. IOP variables (IOPg, IOPcc) showed a Gaussian distribution with a typically exaggerated central peak (leptokurtotic) and right-handed skew. IOP was measured between the hours of 07.46 and 19.41. Mean IOPg was highest between 10.00 and 10.59 hours, and lowest after 19.00 hours, varying by 1.14 mm Hg. A seasonal variation was also observed, with mean IOPg 16 .0 mm Hg in men and women (P ϭ 0.56). Although no association between IOP and age was identified on linear regression (P ϭ 0.54), a modest increase in mean IOP from the late 40s to the age of 79 years (0.25 mm Hg) was observed in the men, but not in the women in whom IOP peaked in the 60s. The IOPcc was slightly higher in men (16.7 vs. 16.5; P ϭ 0.053) and showed a small difference between decade age groups (increasing 0.2 mm Hg/ decade, P ϭ 0.004). Both CRF and CH were significantly higher in the women than in the men (10.4 vs. 10.02, P Ͻ 0.001; 10.2 vs. 9.79, P Ͻ 0.001, respectively). The CRF declined significantly with age at a rate of 0.31 mm Hg/decade (P Ͻ 0.001), as did CH by 0.34 mm Hg/decade (P Ͻ 0.001). Table 2 gives ageand sex-specific data for IOP, CRF and CH. The significance of the age-related variations is discussed below. IOPg and IOPcc correlated strongly (Pearson r ϭ 0.915, P Ͻ 0.001). Mean IOPcc was greater than mean IOPg by 0.57 Ϯ 1.53 (SD) mm Hg (95% CI: 0.53-0.62). The IOPg Ϫ IOPcc difference (⌬) showed a Gaussian distribution with some leptokurtosis. The 95% limits of agreement 26 for ⌬IOPg Ϫ IOPcc were ϩ2.41 to Ϫ3.57 mm Hg (⌬ range: ϩ8.7 to Ϫ35.6 mm Hg). This difference (IOPg Ϫ IOPcc) was greater in older people than among the younger participants: Ϫ0.27 mm Hg in people aged Ͻ60 years compared with Ϫ1.02 mm Hg in people aged 80 years and older. A scatterplot (Fig. 1) shows IOPg versus IOPcc. Table 3 summarizes differences between IOPg and IOPcc by age and sex. Table 4 gives details of univariate regression of sociodemographic, systemic, and anthropomorphic factors plausibly associated with IOP and corneal biomechanics. Given the number of statistical tests performed in this table, we adopted a threshold of P Ͻ 0.001 for rejection of the null hypothesis. IOPg was associated with measures of BP, axial length, and refractive error. IOPcc showed the same associations with very similar regression coefficients, implying that these were genuine associations with IOP and not the product of variations in corneal biomechanics. The IOPcc also showed borderline associations with age and sex (slightly higher in older people and men). Both CH and CRF showed strong statistical associations with age, sex, height, hip/waist ratio, and sBP. The CH was inversely associated with waist circumference and axial length of the globe. No differences in IOP relative to education (at least O-level qualifications versus not: 15.9 vs. 16.0 mm Hg, P ϭ 0.57, unpaired t-test) were observed. People previously or currently in a nonmanual job had a slightly higher IOP than those performing manual work (16.1 vs. 15.8 mm Hg; P ϭ 0.012, unpaired t-test).
In a forward stepwise multiple linear regression of variables identified as significantly associated with IOPg (adjusted for age and sex), sBP (beta: 0.37/10 mm Hg; P Ͻ 0.001), axial length of the globe (beta: 0.29/mm; P Ͻ 0.001) and sex (0.32 mm Hg higher in women) were significantly and independently associated with IOPg. In a similar regression for predictors of IOPcc, only sBP (0.38/10 mm Hg; P Ͻ 0.001) and axial length of the globe (0.35/mm; P Ͻ 0.001) were significantly linked with IOPcc.
Multiple regression of predictor variables (Table 5) on CRF identified age (Ϫ0.34 mm Hg/decade; P Ͻ 0.001), height (Ϫ0.08 mm Hg/10 cm; P ϭ 0.039), sBP (0.09 mm Hg/10 mm Hg; P Ͻ 0.001), and sex (0.20 mm Hg women Ͼ men; P ϭ Since IOP itself may plausibly affect the dynamic properties of the cornea, 27 IOPg was included as a predictor variable in the two previous analysis. In the case of CRF, IOPg showed a stronger influence on corneal resistance than any other factor (0.28 mm Hg/mm Hg; P Ͻ 0.001). In this iteration of the model, age, axial length, and sex remained significant independent predictors of CRF (all P Ͻ 0.001; R 2 ϭ 0.37), although sBP and height were no longer associated. Similarly, IOPg was significantly associated with CH (Ϫ0.022 mm Hg; P ϭ 0.002), with age, sex and axial length all associated with statistical significance (P Ͻ 0.001). Systolic BP was not associated (P ϭ 0.929) with CH, once IOPg was included in the model.
DISCUSSION
In this study of a large community-based cohort living in eastern England, we found the mean population IOP to be 16 mm Hg, in keeping with data from earlier studies in south Wales and central England (16.3 and 15.9 mm Hg). 6, 7 No differences in IOP associated with height, weight, body mass index, birth weight, smoking status or education were identified. In a multiple regression analysis, it was found that IOP was higher in younger people, women, those with higher BP, and those who had a sedentary occupation. With respect to age, a modest rise in mean IOP from the late 40s to the age of 79 years (0.25 mm Hg) was observed in the men, but not in the women, in whom IOP peaked in the 60s. Similar associations for BP and cholesterol have been reported previously. 28 The findings of the present study contrast remarkably with those of a previous large U.K. study, in which applanation IOP rose from 15.8 to 16.3 in the men and from 15.6 to 17.2 mm Hg in the women who were aged between 40 and 80 years (Fig. 2) . 29 In common with our study, IOP in the Rhondda study was found to be higher in women than in men, although the difference between the sexes in Norfolk appeared to be less pronounced. 6 In most cross-sectional studies, mean IOP has been reported to be higher in older people. Other notable exceptions to the trend for IOP to rise with age come from Japan, Mongolia, and Ireland, where generally IOP appeared to fall with increasing age. 21, 30, 31 However, cross-sectional data may mask longitudinal trends in physiological characteristics that vary between birth cohorts. A longitudinal study of IOP in 69,643 Japanese people aged 20 to 79 years of age showed that, although cross-sectional data suggested a decline in IOP with advancing age, there was a significant increase in IOP in all age groups over a period of 10 years. 32 As yet, it is unclear whether this is a manifestation of survival bias, where people with lower IOP may have survival advantage, or a result of the smaller number of older people contributing data to the analyses, with a consequent reduction in precision and power. It is highly likely that the participants of the present study who remained most healthy for the duration of investigation were more likely to attend for repeat health checks, and hence our data are probably more representative of the more healthy members of the population. However, we have presented data on a large number of older people, aged over 80. It is possible that IOP increases until the age of 70 years and then declines, but the smaller number of participants has led to insufficient power to identify this U-shaped trend.
Epidemiologic studies have consistently reported that the major identifiable determinant of IOP is sBP, 16, 17, 33, 34 as confirmed by the present study. It has been reported that BP and IOP correlate over time (a reduction in BP of 10 mm Hg over 5 years being associated with decreased IOP), with this observation leading the authors to suggest modulation of BP as a means of lowering glaucoma risk. 35 However, this concept belies the complexity of the relationship between BP, IOP, and glaucoma; a reduction in BP may result in a reduction of ocular perfusion pressure, which has been implicated as a risk factor for glaucomatous optic neuropathy. 36 In the context of reductions in BP and IOP occurring together, it is plausible that the lack of an age-related increase in mean IOP in our participants may be explicable on the grounds of better population BP control. It was of interest to discover that although sBP increased with age in a regression model (IOPg on age, sex, sBP, and axial length) showed that sBP accounted for 3.7% of all variation in IOP, indicating that our ability to explain the variation in this important ocular physiological characteristic remains far from complete. Therefore, other measures of vascular dynamics, including MAP and P-AMP, were explored. In the Norfolk cohort, it was found that the older people had a higher mean sBP (3.8 mm Hg/decade, P Ͻ 0.001) but a lower mean dBP (1.5 mm Hg/decade; P Ͻ 0.001). In a separate univariate model, no association between MAP and age (0.24 mm Hg/decade, P ϭ 0.19) was identified. IOP showed no association with age, and that finding may indicate that MAP is the index of vascular perfusion more closely associated with IOP at the population level. However, when included in the final multiple regression model detailed in the results section, MAP did not appear to be significantly linked with IOP (P ϭ 0.593), whereas sBP was still significantly associated (P Ͻ 0.001). Mean P-AMP increased in line with age (5 mm Hg/ decade, P Ͻ 0.001), from 51.1 mm Hg in the 50-to 59-year-olds to 64.5 mm Hg in those aged 80 years and older.
Two genetic loci linked with IOP have also been implicated as linkage regions for BP. 37 Female sex, tobacco smoking, and higher BMI have been found to be positively associated with IOP. 18, 22, 38 We have previously reported a difference in IOP between people of different socioeconomic status in Singapore (higher IOP among people of lower SES), which appeared to be mediated by systemic BP. 39 In this analysis, we have shown a positive correlation between IOP and sBP. Contrary to our findings in Singapore, we have also shown that IOP is lower among Norfolk people who have a manual occupation, compared with that in nonmanual workers. Furthermore, manual workers in Norfolk have higher BP than nonmanual workers, contradicting our previous hypothesis. The reason for the disagreement between U.K. and Singapore data remains unclear.
Previous studies of agreement between Goldmann applanation tonometry (GAT), dynamic contour tonometry (DCT), and IOPcc measurements with the ORA-reported repeatability coefficients for GAT, DCT, and ORA-IOPcc of 2.2, 2.3, and 4.3 mm Hg, respectively. On average, GAT measures were approximately 2 mm Hg lower than both DCT and ORA-IOPcc, suggesting that IOP measurements with each device were not interchangeable. 40 In the present study, we found that mean IOPcc was greater than mean IOPg by 0.57 mm Hg, there being a wide range of differences in some cases (IOPg Ϫ IOPcc) Ϫ35.6 to ϩ 8.7 mm Hg. It remains to be determined whether IOPg or IOPcc is a more accurate measure of true IOP and whether this is more strongly associated with risk of glaucoma. It is clear that in some people, IOPcc is substantially different from IOPg. The availability of measures of corneal biomechanical characteristics is a novel advantage for the ORA noncontact tonometer. CH (viscous damping) and CRF (tissue resistance to deformation) may be related to a variety of ocular diseases, from keratoconus to glaucoma. 13, [41] [42] [43] In the present study, the (IOPg Ϫ IOPcc) difference was greater in older people: Ϫ0.27 mm Hg in people aged Ͻ60 years and Ϫ1.02 mm Hg in people aged over 80 years. The latter findings appeared to mirror age-related changes in corneal biomechanics; mean values for both CRF and CH are lower in older people, indicating that both stiffness and viscous damping capacity decline with age. A lower value of hysteresis in older people is a recognized finding, 44 although a decline in CRF contrasts with a laboratory study reporting increased corneal stiffness in older corneas. 45 Several previous studies have explored the relationship between corneal biomechanics assessed by ORA and a variety of explanatory variables. A study of 271 myopic Singaporean school children did not identify any association between refractive error, axial length, and either CRF or CH, although in the case of CH, the regression coefficients from our analysis and the SCORM cohort (␤ ϭ Ϫ0.153, P Ͻ 0.001 versus ␤ ϭ Ϫ0.11, P ϭ 0.08) may suggest that the latter was underpowered to identify a difference. 46 This view is supported by results from a larger (n ϭ 1233) study of Chinese children, which found that longer axial length was significantly associated with lower CH and higher IOP (P Ͻ 0.001). 47 In the Norfolk cohort of older people in the United Kingdom, higher IOP was also associated with higher CRF and lower CH, as shown previously in a clinic-based series.
14 In this context, the statistically significant but clinically irrelevant association with sBP is not surprising. When both IOP and sBP were included in a multiple regression model, the association between BP and CRF/CH was no longer significant. The link between corneal mechanics and IOP is supported by cross-sectional studies, 42 and also more compellingly, with the finding of a change in CRF/CH with changes in IOP. 48 Our data showed a highly significant association between both CRF and CH, as well as with age and sex (mean CRF and CH declined with age, and were higher in women than men). Significant negative correlation has been reported previously between age and both CRF and CH, in common with our current findings. The authors suggested that age-related structural changes resulting from collagen cross-linking may lead to a reduction of corneal biomechanical variables independent of central corneal thickness or IOP.
14, 49 The finding of lower CRF/CH in taller and slimmer people did not appear to be consistent findings in multiple regression models.
In summary, we report the distribution of IOP in an older, predominantly Caucasian, U.K. population. Mean IOP values were similar to those reported in previous U.K. population studies, and confirmed sBP as the major identifiable determinant. Using the ORA (Reichert), values of IOP corrected for corneal biomechanical properties (IOPcc), CH, and CRF were obtained. It was found that CRF and CH varied with age, sex and axial length of the eye. The present study provided current population-based values for important ocular characteristics.
